This work presents an algorithm able to simulate the heating of a solar collector throughout the day. The discussed collector is part of a solar adsorption refrigerator, and is used to regenerate the activated carbon contained inside a cylindrical recipient (absorber), which is located in the focal line of a parabolic trough concentrator. The developed algorithm takes into account all the transfer mechanisms when analyzing the heat transfers taking place between the collector's components and the environment, as well as the transfer mechanisms towards the absorber's interior. The temperature evolution for the collector's elements is obtained, and the model is validated by comparing the experimentally measured surface temperature of the absorber with the one determined by the algorithm. The experimental data were gathered from similar collectors in two different scenarios: Santo Domingo (Dominican Republic) and Buenos Aires (Argentina). The model is satisfactorily validated with experimental data.
Introduction
In the last decades, the research about adsorption refrigeration systems has risen since it can offer an alternative which is less harmful to the environment than the conventional refrigeration systems. Unlike the traditional vapor-compression systems, the adsorption refrigeration technology uses refrigerants with zero ozone depletion potential and zero global warming potential [1] , and can operate without electrical or moving parts.
While the traditional refrigeration systems convert the consumed electricity into mechanical work in order to compress the working fluid, the functioning of an adsorption refrigeration system relies on the variable adsorbent capacity of a given refrigerant pair, which is caused by a temperature variation in the adsorbent bed, making that this kind of device can be easily powered by solar energy or waste heat.
When driven by solar energy, an adsorption refrigeration system can be built from affordable materials and its construction is relatively simple. Additional features such as silent operation and zero operative costs, make this kind of system worth implementing.
Many researchers are seeking to develop this type of refrigeration system, which could be used for everyday comfort as well as for higher priority purposes, such as vaccines and food storage, especially in those inhabited areas where the non-existent electricity distribution networks make difficult and expensive the utilization of the conventional refrigeration systems. Also regions with abundant solar energy resources could benefit from this king of technology. However, there are major drawbacks of the solar adsorption refrigeration (SAR) systems to be addressed: their low coefficient of performance compared with the traditional refrigeration systems, its discontinuous cold production, and the fact that the external operation conditions strongly affect the performance of the SAR cooling device; making difficult to predict its behavior.
A solar adsorption refrigeration system is based in the dynamics of the adsorbent-adsorptive refrigeration pair, which manifests as the capacity of the adsorbent material to adsorb and desorb the adsorptive fluid through the day.
A solar adsorption refrigeration device, as can be seen on Figure 1 , is composed by the following parts: the absorber (where the refrigerant pair is located), a condenser, an evaporator, and a cold chamber. [6] . While exposed to solar radiation, the adsorbent absorbs the necessary energy to cause the desorption of the adsorbate. The adsorptive passes through the condenser, changing to the liquid phase in the process, releasing the heat of condensation to the environment and falling into the evaporator. When the solar radiation decreases, also the temperature of the adsorbent and the pressure of the system decrease, which eventually triggers the adsorption process which provokes the evaporation of the methanol previously desorbed. The necessary energy for the evaporation is extracted from the cold chamber, producing the cooling effect. Clearly, the amount of extracted heat is proportional to the quantity of adsorptive that circulates in the system along the whole day.
These devices are able to produce the cold intermittently, in a one-day cycle.
For that reason is essential to produce a certain amount of ice during the night, in order to maintain a 0˚C temperature in the cold chamber or perhaps allow a minimal temperature change during the day.
Some researchers have performed a thermodynamic design of a solar adsorption refrigerator [7] , and designed algorithms to determine the amount of ice produced by these devices [8] [9] . However, these works are approximations based on the variation of the ratio adsorbate/adsorbent, analyzed with the corresponding conditions at two different stages of the day when the concentration of adsorbate in the absorbent are expected to be minimum and maximum, supposing equilibrium state between the two and fixed values of pressure and temperature. A more careful analysis would take into account that the concentration of adsorbate into adsorbent varies according to the temperature and pressure and, at the same time, these two varies as a function of time and depending on the concentration change.
In order to attain a more precise prediction of the behavior of a solar adsorption refrigerator, it is fundamental to understand the processes taking place in the absorber, where the refrigerant pair interact. Some research have been done concerning the dynamic of sorption; Luo and Tounder [10] developed a mathematical model in which the pressure on the system is supposed to remain constant, while Zao et al. [11] present a model in which is considered as a constant the temperature in the absorber's surface. Echarri et al. [12] developed a numerical model in which the temperature in the surface of the absorber and the pressure inside the vapor canal are considered variables.
In realistic conditions, the temperature on the surface of the absorber changes throughout the day, and this variation is influenced by multiple factors. Hence, in order to accurately determine the temperature evolution in the surface of the absorber, it is indispensable to develop a model that takes into account the absorber's net incoming energy and the energy consumed by the desorption process. In order to obtain the usable heat entering the absorber tube, it is required to determine the incident solar radiation directed towards the absorber, and it is necessary to calculate the absorber's heat losses by performing a thermal analysis of the solar collecting system and its heat transfers with the absorber tube and with the environment.
The analyzed adsorption refrigeration device uses two parabolic trough collectors (PTCs), where each one is composed by a parabolic-shaped reflector in whose focal line is located the absorber. In this work, only half of it (one PTC) is analyzed, assuming that the other half would behave in the same way.
Thermal analysis of this kind of solar collectors has been made by some researchers [13] [14] . Kalagirou [15] performs an analysis considering all mechanisms of heat transfer for a solar tracking parabolic trough collector, Jin et al. [16] uses the Monte Carlo Ray-Trace method (MCRT) to determine the solar flux,
and Hachica et al. [17] develops a numerical model contemplating the nonuniformity of the received solar radiation and the heat losses along the crosssection of the absorber tube. Huang et al. [18] The absorber of the parabolic trough collector analyzed in this work, unlike the ones mentioned above, is not bounded by a cylindrical concentric crystal;
but by a thermally isolated trapezoidal enclosure as shown in Figure 2 , in order to simplify the prototype fabrication.
In this work we determine the energy flow towards the absorber throughout the day, by performing an analysis of the transfers of energy taking place between the elements of the collector, considering all the heat transfer mechanisms.
The model includes an algorithm to obtain the solar irradiation as a function of time, which also depends on the geographic location of the prototype and the sorber of a solar adsorption refrigerator developed by Echarri et al. [12] as a boundary condition in order to iteratively obtain the desorption heat intake, as well as the evolution of the temperature in the surface of the absorber and the rest of the collector's components. This model is satisfactorily validated with experimental data.
Physical Model
The numerical model is based on an energy balance. In this balance the solar irradiation, the optical losses, as well as the thermal losses, are analyzed in order to obtain the net heat gained by the absorber. This net heat would be the responsible for temperature change on the surface of the absorber, and also for the desorption, which is a temperature-dependent process.
Received Solar Irradiation
In order to determine the incident solar irradiation ( inc q ), the Hottel's model is used [21] . With this model, the solar irradiance as a function of time can be obtained ( sol q ), depending on the day of the year, the type of weather, the geographic location and the height above sea level.
Once the irradiance is known, it is possible to estimate the solar radiation received by the upper and lower half of the absorber.
The upper half receives the solar irradiance (both direct and diffuse components), obtaining the expression (1) for the absorbed energy per unit length. 
The lower half receives the direct radiation ( dir q ) which is redirected by the concentrator. This magnitude depends on the captation area of the concentrator ( c A ), as well as on the reflectivity (R) of the material the concentrator is built, obtaining the expression (2) .
The final expression for the incident radiation is as seen on equation (3) . The incident radiation is further conditioned by the transmissivity of the glass cover and the absorptivity of the absorber's material. The product of these parameters ( opt L ) is a factor representing the optical losses [22] .
Heat Transfers
During the day, the solar irradiation is concentrated and directed towards the absorber, causing a temperature increment in its surface. Then, since the absorber is not in thermal equilibrium with the rest of the collector, it transfers energy by convection to the air trapped in the enclosure, which subsequently starts transferring energy to the walls of the enclosure. Given the amount of energy gained for the walls of the enclosure by convection with the air, and also for the radiative transfer involving the other elements of the PTC, the walls raise their temperature. To the increase of the temperature of the walls, follows an energy transfer (radiative and convective) between the walls and the environment.
As seen on Figure 3 , the energy balance for the absorber tube would include the incident solar radiation (which is the absorber's dominating energy transfer during the desorption process), the convection, and the net radiative transfer with the walls of the PTC. The net heat absorbed is given by:
In a similar way, the energy balance for each wall of the enclosure can be obtained as follows:
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Convection Heat Transfer between the Absorber and the Surrounding Air
Assuming that the temperature around the circumference of the absorber is uniform, the convection heat transfer between the absorber and the air trapped inside the enclosure is determined by using Newton's cooling law; The convection heat transfer coefficient is evaluated through the dimensional analysis and similitude method. In this method, the conservation equations are expressed as a function of non-dimensional parameters and can be solved analytically or empirically. Once solved, the results can be applied to surfaces geometrically similar.
In this work, the convection heat transfer coefficient is determined as a function of the Nusselt number (Nu);
where, k is the thermal conductivity and L is the characteristic longitude of the given element.
For natural convection on horizontal cylinders, the correlation used to determine the Nusselt number, is the one proposed by Churchill and Chu [23] , where
Ra is the Rayleigh number and Pr is the Prandtl number:
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The Rayleigh number used in expression (8) is given by expression (9) [24] , where g is the gravity, β is the volumetric expansion coefficient, D is the diameter of the absorber and ν is the kinematic viscosity of the air. 
where w in T − is the temperature of the internal surface of the collector wall/glass cover, w ex T − is temperature of the external surface of the collector wall/glass cover, a T is the environmental temperature, and i h and e h are the convection heat transfer coefficients in each respective case.
In order to calculate the convection heat transfer coefficient between each of the cover surfaces with the surrounding air, the dimensional analysis method is used. This way, i h and e h are determined similarly as in Equation (7).
For the cases of convective heat transfer involving the lateral and inferior faces of the enclosure, the empirical correlation found for the Nusselt number is a fol- 
The Rayleigh number in Equation (12) is calculated as in Equation (13) for the cases where i h is being evaluated, and as in Equation (14) when e h is being determined.
( )
For the convective heat transfer involving the glass cover, where the internal face is assumed to be colder than the enclosed air and the external face is assumed to be at higher temperature than the environment, the expression for the
Nusselt number is given by [26]:
where the Grashof number (Gra) is obtained as follows:
The used value for Pr in expressions (8), (9) and (12)- (15) was obtained as the mean value of the Prandtl number for the maximum and minimum expected temperature of the enclosed air (when internal convection was analyzed) and as the as the mean value of Prandtl number for w ex T − and a T (when external convection was examined).
Radiative Transfer
The radiation emitted by the different elements of the PTC is calculated through:
where ε is the emissivity of the material, σ is the Stefan-Boltzmann constant,
T is the absolute temperature and A is the radiating area. When analyzing the radiation received by the absorber and the inward faces of the enclosure, the expression (18) is used: (18) where i denotes the absorbing surface, j the radiating surface and ij ε refers to the effective emissivity for two surfaces with different emissivity. 
Conduction
Since the convective and radiative heat flows have been determined, the sensible heat is obtained. This heat causes a variation in the temperature of the enclosure.
The new temperatures of the walls and glass cover of the collector, are calculated from:
where m is the mass of the wall and c represents the specific heat of the material.
After obtaining this new central temperature, and assuming a linear temperature profile (as seen on Figure 4 ), Fourier's law is used in order to determine the new temperatures in the internal and external faces of the glass cover and the other walls of the enclosure, as seen from expressions (23) and (24). The temperature of the enclosed air also varies. Assuming that the convective heat being transferred from the absorber to the air is divided towards the inner faces of the enclosure's walls according to the thermal resistance of each one, the new temperature of the enclosed air can be obtained from Equation (25) .
Algorithm
The algorithm is based on the physical model obtained from the heat transfer equations described above. In Figure 5 can be observed the diagram of the algorithm, which was developed in c++ language.
In the "parameters and initial values" section is where the environmental temperature is specified and the temperatures of the PTC parts are initialized. In this section are also introduced the parameters for the particular prototype/case being evaluated: the dimensions of the elements of the PTC, view factors, properties of the materials (absorptivity of the absorber tube, reflectivity of the concentrator, transmissivity of the glass cover, thermal conductivity of the PTC elements, captation area of the concentrator, emissivity and specific heat of the PTC elements, Pr and kinematic viscosity of the air) as well as the day of the year of the desired analysis, the coordinates where the given prototype is located and In section "incident radiation", the total solar radiation directed towards the absorber is determined, after the incoming irradiation is calculated according to the geographic location and the day of the year.
In the "heat transfers" section, the energy fluxes between each pair of elements is analyzed by determining the convection heat transfer coefficients and the net radiative transfer. The sensible heat is calculated, as well as the new temperatures of the walls of the enclosure for the next temporal step.
Since all the heat fluxes are known, the absorbed heat is calculated and given as a boundary condition to the absorber model developed by Echarri et al. [12] , which determines how much of that heat is consumed by the desorption process and how much is responsible for the temperature raise in the surface of the absorber. These two models (collector and absorber) are coupled and from the "absorber model" block and the new absorber's temperature is obtained.
This process continues along the whole day, making possible to determine the temperature evolution of each one of the elements composing the PTC.
Model Validation and Discussion
As previously stated, in order to validate the thermal model, it is coupled to the numerical model of an absorber of a solar adsorption refrigerator [12] . The validation of the model is carried out by comparing the temperature of the absorber's surface of two different prototypes of SARs.
The measurements were carried out with thermocouples (type J) with a working range of (−290˚C to 1,190˚C) with an error of +/−1˚C. The measurements were automatically recorded with the EL-USB-TC Thermocouple Data
Logger, manufactured by Lascarc Ekectrinic Inc.
In Figure 6 and Figure 7 can be observed the temperature evolution of two prototypes at different locations and different dates. In both cases, simulation results show good agreement with the experimental results.
Since the solar irradiance model employed [21] assumes a clear sky, the simulation may present differences with the results for cases in which the sky is cloudy. In Figure 6 the discrepancies between the experimental curves and the simulation is less than 4% before the presence of clouds in the scenario, after which the discrepancies increment up to 34%. In Figure 7 the maximum temperature differences due to the cloudiness, found between the simulation and experimental measurements in absorbers #1 and #2, are 25% and 19% respectively.
Also, if the PTC is not completely horizontal, the temperature on both absorbers can present a slight difference between them, since the asymmetry is not contemplated in the model and air stratification may occur. In Figure 6 and In Figure 8 is shown a simulation of the absorber's temperature of a solar adsorption refrigerator that uses methanol and activated carbon as refrigerant pair.
It can be seen that, under the same climatic conditions, the temperature reached will differ according to the adsorption capacity of the given activated carbon (in decreasing order; CNR 115, Aquasorb and Char). This can be explained by the fact that, the greater the adsorption capacity is, the greater would be the percentage of the heat intake consumed by the desorption process; as a consequence, there would be less sensible heat available and finally, a lower temperature would be reached by the absorber's surface. In Figure 9 is shown a simulation of the temperature of the absorber's surface of a SAR using the same refrigerant pair, at different places (Santo Domingo: 69.96, 18.5 and Buenos Aires: 58, −34.5) during their respective summer solstice and supposing a constant 25˚C environmental temperature. From this can be seen how the mere fact of the location of a SAR prototype can affect its behavior. 
Conclusions

